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Summary
Mosquitoes hear with their antennae, which in most
species are sexually dimorphic. Johnston, who dis-
covered the mosquito auditory organ at the base of
the antenna 150 years ago, speculated that audition
was involved with mating behaviour [1]. Indeed, male
mosquitoes are attracted to female flight tones [2–4].
The male auditory organ has been proposed to act as
an acoustic filter for female flight tones, but female au-
ditory behavior is unknown [5]. We show, for the first
time, interactive auditory behavior between males
and females that leads tosexual recognition. Individual
males and females both respond to pure tones by alter-
ing wing-beat frequency. Behavioral auditory tuning
curves, based on minimum threshold sound levels
that elicit a change in wing-beat frequency to pure
tones, are sharper than the mechanical tuning of the
antennae, with males being more sensitive than fe-
males. We flew opposite-sex pairs of tethered Toxo-
rhynchites brevipalpis and found that each mosquito
alters its wing-beat frequency in response to the flight
tone of the other, so that within seconds their flight-
tone frequencies are closely matched, if not com-
pletely synchronized. The flight tones of same-sex
pairs may converge in frequency but eventually di-
verge dramatically.
Results and Discussion
The Johnston’s organ has been shown to respond to pe-
riodic air displacements (acoustic near-field) such as the
tones created by wing beats [6] and to transduce sound-
induced vibrations of the antennal flagellum into electri-
cal signals [4]. Even though the Johnston’s organ is only
slightly less sensitive in females than in males [5], some-
what surprisingly auditory behavior in females has not
been investigated. Previous studies have measured the
wing-beat frequencies of individual mosquitoes isolated
from the sound of other mosquitoes [3, 4]. We began our
study, therefore, by measuring the effect of pure tones
on the wing-beat frequency of tethered male and female
Toxorhynchites brevipalpis Theobald (Diptera:Culici-
dae), delivered via a calibrated speaker placed w3 cm
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sussex.ac.uk (I.R.)away (Figure 1A). Although wing-beat frequencies just
before the presentation of the pure tone were highly vari-
able between individuals, they did not differ significantly
between the sexes either in their mean value or in their
standard deviation from the mean, being 426 6 43 Hz
and 4156 36 Hz for 25 male and 25 female mosquitoes,
respectively. The wing-beat frequencies consisted of
multiple harmonics (spectrum, Figure 1B), but data anal-
ysis has been restricted to the fundamental frequency
(arrow, Figure 1B), since it is this component that falls
within the tuning range of the antennae (see below).
Both sexes reacted to the pure-tone sound stimulus
by altering their wing-beat frequencies. If the pure tone
was withinw60 Hz of a mosquito’s wing-beat frequency
(normally 300–500 Hz) and at a level that was similar to or
less than that of its own flight tone (w60 dB SPL, sound
pressure level re 2 3 1025 Pa measured 10 cm from the
mosquito), the mosquito altered its wing-beat frequency
so as to converge its flight tone to within 8 Hz of the stim-
ulus frequency, which was sustained for the duration of
the stimulus tone (Figure 1C). If the difference between
the wing-beat frequency and the stimulus tone was
60–80 Hz, the mosquito shifted its wing-beat frequency
transiently, toward the pure tone so as to reduce the
frequency difference, but they were never observed
to come within 20 Hz of the stimulus tone (Figure 1D).
If the pure tone was between 350 and 490 Hz and
>90 dB SPL, the mosquito reacted with a transient, rapid
rise in wing-beat frequency at the tone onset, which re-
turned to close to the original wing-beat frequency
within 1–2 s of the stimulus onset (Figure 1E). This be-
havior is reminiscent of an escape or startle response,
due to its extreme and unsustained character. Similar
‘‘startle responses’’ were observed in response to
tones within the frequency ranges 200–345 Hz and 500–
800 Hz, but at lower levels ranging from 40 to 65 dB SPL
measured 3 cm from the loudspeaker. The control treat-
ment consisted of mosquitoes whose antennae had
been removed (3 males and 4 females). No systematic
alteration of wing-beat frequency was observed in re-
sponse to the pure-tone stimulus, although it was very
difficult to get these mosquitoes to fly for more than
a few seconds at a time.
The frequency convergence and startle responses of
the mosquitoes to pure tones were used to derive be-
havioral auditory tuning curves for each sex (Figure
2A). A response was scored if the mosquito altered its
wing-beat frequency either upward or downward,
thereby converging on the stimulus tone frequency (Fig-
ures 1C and 1D, and indicated by the blue region in
Figure 2A), or performed a startle response (Figure 1E,
frequency ranges 200–345 Hz and 500–800 Hz, Figure
2A). The behavioral tuning curves are similar in shape,
are most sensitive at frequencies close to 400 Hz, and
show males to bew7 times more sensitive than females,
responding to tone levels which displace their antennae
by 0.8 nm at 400 Hz compared with 5.5 nm for females.
The behavioral tuning curves in Figure 2A are more
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1312Figure 1. Response of Tethered Flying Tx
brevipalpis Mosquitoes to Pure Tones
(A) Tx brevipalpis and particle velocity micro-
phone (largest dimension 5 mm) [5].
(B) Oscillogram (upper trace; sound level as
a function of time) and frequency spectrum
(lower trace) of the flight tone of a male show-
ing the multiple harmonics (measured during
the time window indicated by the dotted rect-
angle in the oscillogram. Note the beating be-
tween the flight tone and the first half of a 450
Hz, 55 dB SPL tone (duration indicated by
horizontal black bar).
(C–E) The spectrograms of mosquitoes
(male, blue; female, red) show fundamental
component of flight tones before, during,
and after the pure tone. Numbers alongside
the spectrograms refer to flight-tone fre-
quency at onset of record, at peak frequency
during the record, and final frequency.
Dashed line indicates flight tone in the sec-
ond before the stimulus.
(C) The spectrogram (fundamental frequency
of the flight tone as a function of time) of the
flight tone in (B). Male, flight tone beats and
then converges with a 450 Hz, 40 dB SPL
stimulus tone.
(D) Female, flight tone drifts upward before
the 410 Hz, 55 dB SPL stimulus tone, then de-
creases but never reaches stimulus tone, re-
turns to original frequency.
(E) Female, ‘‘startle response’’ to 80 dB SPL,
200 Hz stimulus tone. Controls: mean 6 SD
of flight tones measured in the 10 s period be-
fore the records shown in (C), (D), and (E) are
437 6 5 Hz, 473 6 8 Hz, 469 6 4 Hz, respec-
tively, based on 20 measurements spaced
0.5 s apart in each case.sharply tuned than the mechanical tuning curves in
Figure 2B, with quality factors (Q3B = frequency of the
tip/bandwidth 3 dB from the tip) [7] of 7.8 6 2.1 and
2.2 6 0.1 for the males and 13.0 6 3.2 and 2.7 6 0.2
for the females, respectively (n = 5 or 7, see legend for
Figure 2). Mechanical frequency tuning is similar to pre-
vious measurements of the Q3B of 2.6 6 0.3 for n = 5 Tx
brevipalpis of each sex [8]. From our mechanical mea-
surements, the male antenna is more effectively coupled
to particle displacements than the female antenna by
a factor of 2.3, which is in agreement with previous mea-
surements [5]. Thus, behaviorally, males are more sensi-
tive than females to antennal displacement by a factor of
about 3, which could be related to the observation that
there are about twice as many sensillae in the John-
ston’s organ of males than of females [4], and of more
novel significance, behavioral thresholds in both sexes
are about 10 times greater than neural thresholds [5].
These differences could be explained by neural pro-
cessing [9, 10, 11].
The antennae of male Tx brevipalpis are tuned to
higher frequencies (500 Hz) than those of females (400
Hz; Figure 2B), which contrasts with previous reports
of 420 Hz and 240 Hz, respectively [5]. The reasons
why antennal frequency tuning reported in this study
are higher than those reported previously [5] are un-
known. Resonance frequency can be influenced, for ex-
ample, by the size of the antennae and by the stiffness of
the cuticle, due to factors such as age, physiological
state, and ambient temperature. In contrast to previousmeasurements [5, 8], we measured the displacement of
the base, rather than the tip of the antenna, with respect
to its insertion in the pedicil, because we observed that
our sound stimuli also vibrated the whole mosquito.
To investigate the auditory interaction between flying
mosquitoes, we recorded the flight sounds of pairs of
tethered mosquitoes held within acoustic range of
each other (5 cm apart, facing opposite directions, and
outside of each other’s visual fields). The original sound
files that form the data for the spectrograms shown in
Figure 3 are to be found in the Supplemental Data avail-
able with this article online. Under natural conditions, Tx
brevipalpis adults generally rest on vegetation near
breeding sites, and males take off in response to the
sound of females in flight [12, 13]. We mimicked this sit-
uation by allowing the female to fly first (Figure 3A). The
flight of the male was initiatedw5 s later, and began with
a burst of rapid wing beats (500–600 Hz). The female
reacted with a slight (6.6 6 2.3 Hz, n = 10) increase in
wing-beat frequency to the male’s flight tone after a
mean latency of 415 ms (Figures 3A and 4A). The male’s
wing-beat frequency quickly decreased to converge
with that of the female withinw1 s of his take off (Figures
3A and 4B). The frequencies of the two flight tones ex-
actly coincided within the resolution of the frequency
spectrum (0.7 Hz) at least until the third harmonic (blue
and green traces in spectrum of Figure 3A). There is
some evidence that they actually synchronize intermit-
tently, although this is difficult to fully characterize
from our recordings; the magnitude of the spectrum
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1313Figure 2. Auditory Frequency-Tuning Curves
of Tx brevipalpis
(A) Behavioral threshold tuning curves of
males (blue) and females (red), expressed
with respect to sound-evoked displacements
of antennae. Data points: mean 6 SD, n = 7
mosquitoes. The blue area indicates a fre-
quency region where the criterion for detect-
ing a change in wing-beat frequency was
convergence of the wing-beat frequency
with the stimulus tone. Tone frequencies out-
side this region elicited a transient increase in
wing-beat frequency when the stimulus
reached or exceeded detection threshold.
Behavioral tuning curves were calibrated
with respect to antennal displacement by re-
lating stimulus strength to measurements
taken with a laser-diode interferometer of dis-
placement of base of the antennae by pure
tones at 54 dB SPL (0.01 Pa) shown in (B). An-
tennal displacements of 1 nm were generated
by a 400–500 Hz, 30 dB SPL tone at a distance
of 3 cm from the speaker.
(B) Mechanical tuning curve measured with
a laser-diode interferometer focused on
base of the antenna (inset) [16]. Antennal dis-
placements were measured with respect to
measured vibrations of the pedicil, within
which the antennae is located. Data points:
mean 6 SD, n = 5 mosquitoes.was not reduced as a consequence of the flight tones
adding out-of-phase or ‘‘beating’’ with each other (com-
pare for example the ‘‘beating’’ of the flight tone with the
stimulus tone in Figure 1B, with the flight tones of the
male and female mosquitoes flying together in Figure
3A). With the male flying first (Figures 3B and 3C), the
male reacted to the female’s take off with an increase
in wing-beat frequency within 350 ms (Figure 4A). The fe-
male either did not react to the male (Figure 3B) or, more
usually, decreased her wing-beat frequency temporarily
(Figure 3C). Within 6.5 s, male and female wing-beat fre-
quencies gradually converged, but did not precisely
match in frequency (Figures 3B, 3C, and 4B). Thus,
when male and female mosquitoes were flown together
with the male flying first, their wing-beat frequencies
usually closely matched in frequency, sometimes to the
point where it was not possible to separate them within
the frequency resolution of the spectrogram, but this
process took more than 6 s, as compared to w1 s
when the female was flying first.
When pairs of the same sex were flown together (Fig-
ures 3D–3G), the wing-beat frequencies of the twoindividuals sometimes converged for a variable period,
but always eventually diverged suddenly to give fre-
quency separation between the two flight tones of 67 6
4 Hz (mean6 SD; n = 23 pairs of mosquitoes). The males
responded to each other within 400 ms (Figures 3D, 3E,
and 4A), and their wing-beat frequencies converged
withinw1 s (Figure 4B). The males ‘‘hunted’’ the other’s
flight tone with trains of rapid frequency modulations of
50–80 Hz (Figures 3D and 3E) or with transient frequency
excursions (Figure 3E) without actually converging in
frequency. This behavior lasted for 1–6 s, 2.9 6 1.3 s
(mean 6 SD; n = 11 pairs of mosquitoes), until they
suddenly diverged and stabilized at different wing-
beat frequencies (Figures 3D and 3E). In free flight, the
divergence of their flight tones would probably lead to
spatial separation because it has been hypothesized
that in cruising insects, flight velocity should remain pro-
portional to wing-beat frequency unless amplitude in-
creases [14]. This auditory behavior of male mosquitoes
is not unlike visual interactions between other male
Diptera during the course of mate-chasing flights such
as the visually driven flight oscillations of male hoverflies
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1314Figure 3. Frequency Convergence and Divergence of Flight Tones by Pairs of Tethered Tx brevipalpis
Spectrograms of the fundamental components of flight tones of opposite (A–C) and same (D–G) sex pairs of mosquitoes (male [_], blue; female
[\], red). Numbers alongside each spectrogram refer to the flight-tone frequency of flying mosquito at onset of record, peak frequency of second
mosquito at take off, and frequency of both mosquitoes at end of record.
(A) The spectra in the lower panel are color coded according to the time during the record (oscillogram, upper trace) they were taken. The red and
black spectra have both been shifted upwards by 20 dB to make it easier to interpret the graph. The original sound (wav) files that form the data
for the spectrograms shown are to be found in the Supplemental Data online.(Syritta pipiens); males repeatedly and rapidly respond
to each other, leading to an unstable interaction that
quickly results in separation [15].
When two females flew together, their wing-beat fre-
quencies slowly and periodically converged and di-
verged (Figure 3F), coming within w8 Hz of each other
after w6 s (Figure 4B), but never stabilized at this fre-
quency difference. If their initial wing-beat frequencies
were almost identical (Figure 3G), however, they di-
verged quickly, in a manner similar to two males. Their
wing-beat frequencies remained remarkably stable
and separated by a frequency difference that remained
constant usually for the remainder of the recording.
The stereotyped frequency separation behavior ob-
served in same sex pairs is reminiscent of the ‘‘jamming
avoidance response’’ found in fish electrolocation and
bat echolocation [16, 17].
This paper is the first to demonstrate auditory behavior
by female mosquitoes and to report a pattern of behav-
ioral responses that separates the sexes. In contrast to
previous findings [5], we were unable to show a clear
sexual dichotomy in the wing-beat frequencies of male
and female Tx brevipalpis. In tethered flight at least, the
range of wing-beat frequencies of males and females
overlapped almost entirely. We have shown, however,
that differences in the type and timing of response ofmales and females to the flight tones of another mos-
quito may be the basis, at least in part, of sexual recog-
nition in flight.
The observed auditory interaction between two mos-
quitoes can be explained largely by simple negative
feedback, whereby each mosquito minimizes the fre-
quency difference between their flight tones by altering
its own wing-beat frequency, the error signal being the
difference frequency between the flight tones. Response
latency is crucial in determining the effectiveness and
stability of negative feedback [18]. The failure of same-
sex pairings in Tx brevipalpis to converge flight tones
could be due, in part, to the dynamics of such an audio-
motor feedback system. Two males respond to each
other so quickly that the error signal changes within the
time taken to make the correction. Their flight tones,
therefore, never converge and become destabilized in-
stead, unless some form of frequency-jamming avoid-
ance behavior occurs. Two females react to each other
more slowly and their flight tones tend to converge and
diverge gradually, never reaching a stable state. The
only stable convergence of flight tones occurs when
a (quick) male and a (slow) female interact. A direct out-
come of flight-tone convergence between opposite sex
pairs would be to bring their flight velocities within a sim-
ilar range, which is useful for mating on the wing, and the
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tend to separate them spatially.
Auditory interaction between the sexes is not uncom-
mon among arthropods, although it is normally based on
sequences of calls and responses produced for the sole
purpose of communication [19]. This is the first example
of interactions between individual insects that is based
on acoustically controlled feedback between sound in-
put and motor output of flight muscles, which are other-
wise also engaged in flight.
Experimental Procedures
Larvae and pupae of Tx brevipalpis were obtained from the London
School of Hygiene and Tropical Medicine and raised to adults in a hu-
mid environment at 24ºC and fed on sugar water. Individuals under
cold narcosis were tethered with bee’s wax by their dorsal thorax to
a length of 100 mm stainless steel wire and mounted in a microposi-
tioner. Experiments were performed between 9.00 hr and 15.00 hr in
a quiet room in daylight. The mosquitoes were positioned so that ex-
ternal movement did not disturb their visual field. Flight was in-
hibited through tarsal contact with a fragment of tissue paper held
beneath each mosquito’s legs and initiated by removing the paper.
Flight tones were recorded with a particle velocity microphone
Figure 4. Reaction Times of Mosquitoes during Auditory Interac-
tions
(A) Reaction time (mean 6 SD in milliseconds) of a flying mosquito
(1st) to the take off of a second mosquito (2nd). Reaction times of fe-
male-male, male-male, and female-female pairings are not signifi-
cantly different (p > 0.92), and p = 0.065 for female-male versus
male-female pairings.
(B) Time taken (mean 6 SD in seconds) for the flight tones of two
mosquitoes to come within 8 Hz of each other for different pairings
of the sexes. Abscissa label: upper named sex indicates which flew
first. The reaction delays between female-male and male-male pair-
ings, and male-female and female-female pairing, are not signifi-
cantly different (p > 0.92), but the delays between the two groups
of pairings are significant (p < 0.001).(Knowles NR-3158) [5] located within 1.5 cm of the mosquitoes. Mi-
crophone output was amplified and digitized at 330 kHz with
a DAS16/330 PC-card (Measurement Computing Corp), and signals
were captured with Batsound Pro (Pettersson Elektronik AB, Swe-
den). Tones were generated by a Hewlett Packard HP3314A function
generator and delivered via an HP350D attenuator (Hewlett Packard)
through a Beyer DT770 headphone (Beyerdynamic, total harmonic
distortion 0.2%, diameter 7 cm). The sound system was calibrated
in free field with a Bruel and Kjaer 3134 microphone. The particle ve-
locity microphone was located at a distance 1.5 cm in front and
w15º to one side of the mosquito’s head. The diaphragm of the
headphone was placed in a similar orientation and 3 cm away.
When two mosquitoes were flown together, the microphone was
placed equidistant between them. All elements were within each
other’s acoustic near fields. Sound signals were analyzed with Bat-
sound Pro, Spectrogram 12 (Visualization Software, LLC), Origin 7
(Originlab Corporation) with a Hanning window and FFTs of 0.7
and 2.7 Hz resolution. The spectrograms of the flight tones of indi-
vidual mosquitoes were differentiated by differences in the ampli-
tudes of the flight tones detected at the microphone. The different
flight tones were then visualized by attributing different pseudo-
colors to them. Microphone responses to the pure tones in the spec-
trograms in Figures 1B–1E were minimized through the orientation
of the microphone and then digitally removed from the recordings
to more clearly reveal the flight tones.
Tone-evoked antenna vibrations were measured by focusing the
beam of a self-mixing, laser-diode interferometer [20] onto the
base of the antenna (Figure 2B) to form a 20 mm spot. Sound stimuli
were also found to vibrate the whole mosquito, so antennal displace-
ments were measured as the difference between vibrations of the
base of the antenna and the pedicil into which it is located. The inter-
ferometer was calibrated by vibrating the piezo stack, on which it was
mounted, over a known range of displacements. Tone pulses (rise-
fall times 5 ms) during antenna vibration measurements were gener-
ated with a Phillips PM 5193 programmable synthesizer and attenu-
ated with digitally controlled attenuators. Voltage responses from
the interferometer were measured with a two-channel lock-in ampli-
fier (Princeton 5210) and digitized at 250 kHz with a Data Translation
3010 data acquisition board, and the peak response was stored on
a PC. Experimental control, data acquisition, and data analysis
were performed with a PC with programs written in TestPoint (CEC).
Supplemental Data
Five supplemental audio files can be found with this article online at
http://www.current-biology.com/cgi/content/full/16/13/1311/DC1/.
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